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Introduction
A XISYMMETRIC bodies like missiles, artillery projectiles, and bullets often have a blunt base. The corresponding base drag is usually an appreciable part of the total drag. The capability to determine the aerodynamics of a projectile is required over a wide flight range. The critical aerodynamic behavior of projectiles in the transonic regime can be attributed in part to the formation of shock waves. The range and terminal velocity of a projectile are two critical factors in shell design that are directly related to the total aerodynamic drag. The total drag for projectiles can be divided into three components: 1) pressure (or wave) drag (excluding the base region), 2) viscous (or skin friction) drag, and 3) base drag. For a typical shell at M w = 0.9, the relative magnitude of the aerodynamic drag components are 20% pressure drag, 30% viscous drag, and 50% base drag.
1 ' 2 Thus, the determination of base drag is essential in predicting the total drag for projectiles.
The pressure and viscous components of drag generally cannot be reduced significantly without adversely affecting the stability of the shell; consequently, efforts to reduce the total drag have been directed toward reducing the base drag. A significant amount of work in this direction has been done in the past three decades. A number of studies have been made that show, for axisymmetric base flow, the only methods for reducing base drag seem to be boattailing and base bleed or mass injection.
3 ' 4 Although in the transonic regime an additional wave drag is induced by the shock wave developed on the boattail portion, nevertheless boattailing can effectively reduce the base drag by reducing the area of the base and the extent of flow expansion at the base corner. 3 - 5 The second feasible method in the base drag reduction is base bleed, in which a small amount of mass flow is injected into the base region to increase the base pressure. This concept of mass injection at the projectile base has been widely studied for supersonic flows, 6 ' 10 whereas fewer data are available in the transonic flow regime. In the past 15 years, a theoretical and experimental research program has been underway to provide the capability for predicting projectile aerodynamics. Earlier efforts were predominantly in the supersonic regime, but in recent years 11 ' 12 efforts have been extended to the transonic regime. In experiments, the individual drag components, especially the base drag and skin friction drag, are difficult to measure. Two design codes, MCDRAG 13 and NSWCAP, 14 ' 15 based on semiempirical techniques, are available for quickly predicting individual drag component and the total aerodynamic drag; however, the design codes appear inaccurate in the transonic regime because of limited experimental data. On the other hand, due to the rising cost of experimental measurements (together with limited transonic facilities) and the recent advances in computer processors, significant progress in numerical procedures   1   '   16   " 18 has been made. Hence, numerical simulation is a "good" approach for predicting all individual drag components for projectiles on a cost-effective basis.
Traditional schemes, such as central differencing schemes, can produce numerical oscillations near shock waves and need special tuning of the artificial viscosity for damping out the numerical oscillations. To avoid the numerical oscillations near the shock, an implicit diagonalized symmetric total variation diminishing (TVD) scheme 19 ' 20 is employed to solve the thin-layer axisymmetric Navier-Stokes equations associated with the Baldwin-Lomax turbulence model. 21 A sequence of studies has been made to reduce the total drag for transonic projectiles by various methods. In Part I, the numerical solver associated with boattailing and base bleed is described. The overall flow structure of turbulent transonic projectiles obtained by this flow solver is explored. The accuracy of the predicted drag components is assessed. Finally, the parameters used in boattailing and base bleed are optimized. In Part II, a drag reduction method of combining boattailing and passive control of shock/boundary-layer interaction will be reported.
Mathematical Formulation-Axisymmetric Thin-Layer Navier-Stokes Equations
For an axisymmetric projectile at zero angle of attack, the equations governing the flow are the azimuthal-invariant Navier-Stokes equations, which can be obtained from the PROJECTILE-TYPE BODY CONSTANT X-PLANE three-dimensional Navier-Stokes equations. Figure 1 
Here U, V, and Ware the contravariant velocity components, and the Jacobian / is defined as (1) contains only two spatial derivatives, it retains all three momentum equations and allows a degree of generality over the standard axisymmetric equations. In particular, the circumferential velocity is not assumed to be zero, thus computations for spinning projectiles or swirling flow can be accomplished.
It should be noted that for high Reynolds number turbulent flows of projectiles the validity of the thin-layer approximation was verified by Degani and Schiff, 23 but the use of the thin-layer approximation can save more computational time compared with the full Navier-Stokes equations. The twolayer algebraic turbulence model of Baldwin-Lomax 21 for eddy viscosity is employed. The advantage of this turbulence model is that it is simple to implement and there is no need to determine the outer edge of the boundary layer before the model can be applied. 
Grid Generation
Interactions between shock waves and the boundary layer make the flow more complicated for projectiles at transonic speeds. Thus, an appropriate numerical grid is important for obtaining the relevant physics of the problem. The boundarylayer development near the wall is critical and the grid should be fine enough to resolve the viscous effects and the shockwave/boundary-layer interaction. In general, the O-type grid is used for the/projectile with a base. 24 In this study, the grid-generation procedure includes the numerical approach of Sorenson's elliptic solver 25 and a simple tangent stretching interpolation method. 26 Once the coordinates of the body and the outer boundary are specified, the elliptic solver is used to generate a grid (in the f direction). Then the stretching interpolation is used to obtain a final grid, as shown in Fig. 2 , on which grid points are clustered near the body surface and stretched in the far field.
Numerical Procedure
Approximate Factorization
The approximate factorization method of Beam and Warming 27 is applied to Eq. (1) to obtain a semi-finite-difference equation
where A, C, and M are the Jacobian matrices defined as
0
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Equation (3) contains two implicit operators in which each operator will produce a block-tridiagonal matrix. The inversion of the block-tridiagonal matrices is the most time-consuming part of the computation. The overall computational work of this part can be decreased by introducing a diagonalization of the blocks in the implicit operators as developed by Pulliam and Chaussee 28 and by neglecting the viscous flux Jacobian. 29 ' 30 Since ^4and C can be diagonalized, A = T£ A*rf * and C = T^Tf 1 , wjiere matrices 7$ and 7} consist of the right eigenvectors of A and C, respectively, and the elements of diagonal matrices A* and A f are the corresponding eigenvalues. After neglecting the viscous Jacobian on the implicit side and factoring the similarity matrices 7$ and 7} outside the spatial derivatives d% and d f , one obtains
Symmetric Total Variation Diminishing Method
Let t = nAt, £ = yA£, f = /Af, A* = Af/A£, X*"= Af/Af, and tf/%/ 2 , 7}+i/ 2 , and TJ~+^ denote the quantities a™, 7$, and T^1 evaluated at Q/+i/ 2> /. Hence, the values of Qj+y 2 j and <2/,/+'/2 are evaluated at the cell surfaces, respectively,-using Roe's averaging procedure. 31 The final diagonalized form of the symmetric TVD scheme can be written in the form 19 
where the numerical flux function E J+ i/ 2j/ can be expressed as
and D j+ i/ 2 is the explicit dissipation term. 
Boundary and Initial Conditions Impermeable Wall Boundary Condition
The body surface is mapped to the constant f line in the computational domain. On the impermeable surface of a rigid body without spin, the no-slip condition must be satisfied. For an axisymmetric body spinning with angular velocity Q, the no-slip condition is £/ = W = 0 and V = 0. The Cartesian velocity components u , v and w can be solved from the following relation:
The surface pressure is determined from the assumption that the normal pressure gradient at the body surface is zero:
where n denotes the normal direction of the body surface. The total energy e is obtained from the following equation:
(10)
Permeable Wall Boundary Condition
For projectiles with base bleed, the ejected mass flux is specified on the body surface. Because of the absence of a measured wall bleed distribution, a uniform distribution of surface bleed is employed. The amount of air injected into the base region is specified by the mass flow rate rhj (= pjUjAj). Rather than specifying m J9 however, it is customary and convenient to specify the bleed quantity / that is defined as
where w is the area ratio Aj/A b9 with A b the base area and Aj the bleed area. Note that both the bleed quantity /and.the area ratio oj are two parameters in the base bleed method for the base drag reduction. Given /, co, and M^ and the extrapolated density p/ from the first interior point off the body surface, the injection velocity Uj can be calculated from Eq. (11), and v and w are set to zero.
Far-Field Boundary Condition
The far-field boundary condition is imposed at f = f max for an O-type grid system. On the inflow boundary (W[ max < 0), all physical variables Q/ are fixed at freestream valueTfor both supersonic and subsonic flows. On the outflow boundary (W fmax >0), all variables Q/ are extrapolated from the first interior point off the outer boundary for M w > 1, whereas for MOO< 1, the same conditions used in supersonic flow are used except that the total energy e is obtained from Eq. (10) with fixed freestream pressure p^ and the other extrapolated quantities.
Numerical Boundary Condition
The symmetry condition is applied on the centerline of the body of revolution ahead of the nose (£ = 0) and aft of the base (£ = £ max )> a second-order extrapolation is used such that
, and the momentum in the z direction (pw) is set to zero.
Initial Condition
The convergence of steady-state solutions is strongly influenced by the choice of initial conditions. A well-selected initial guess provides less initial error and hence a faster convergence rate. In this study, all flow variables are set to the freestream values initially, then the boundary conditions are enforced gradually during the iteration process. This slow impulsive start accompanied with a smaller value of CFL helps to reduce the initial transient errors, especially for viscous flows.
Selection of Time Step
For steady-state calculations, a spatially varying time step is used to obtain a fast converged solution. This is an effective strategy for a grid system with spacing varying from very fine to very coarse. The stability criterion for an explicit scheme is used for the present implicit scheme with larger Courant number CFL. The time step varies according to 34 (12) where a is the local speed of sound. The value of CFL is chosen between 1.5 and 3.0 for fast convergence. At the first 50 iterations, a smaller CFL (around 1.0) is used. As the iteration proceeds, the Courant number is increased to a larger value.
At = CFL/[\U\+
Results and Discussion
Transonic turbulent flows past a secant-ogive-cylinderboattail (SOCBT) projectile at zero angle of attack are considered. The projectile model has a three-caliber secant-ogive nose followed by a two-caliber cylinder and a one-caliber /3-degree boattail. All numerical computations were performed on an ALLIANT computer FX80. A series of computations were based on the conditions of a stagnation temperature of 580°R and a Reynolds number of 4.6 x 10 6 based on the model length. Steady-state solutions are achieved when the residual measured by the root-mean-square error in all five conservative variables is less than 1.5 x 10 ~5. The axisymmetric projectile flows are computed on the 0 = 0 plane, and the flow domain chosen has an outer boundary about 25 calibers from the projectile. The computational grid used has 110 points in the stream wise direction and 60 points in the direction normal to the projectile surface. This grid system is clustered near the body surface with a minimum spacing of A fmin = 4.2 x 10~5Z> to insure that there are at least two grid points inside the laminar sublayer, where D is the diameter of the cylinder. The effectiveness of both boattailing and base bleed methods on drag reduction will be discussed next.
Effect of Boattailing
Five different boattail angles-0, 3,5,7, and 8 deg-and six freestream Mach numbers-0.91, 0.94, 0.96, 0.98, 1.1, and 1.2-were chosen in the present study. The selection of boattail angles is to provide a fundamental understanding of the flow characteristics of a projectile in the transonic regime and to see the boattailing effect on the components of the total drag. Only a few cases are presented in this paper. More results can be found in Ref. 35 . Figures 3a and 3b show the Mach number contours of a projectile with 0 and 7 deg boattail angles at a Mach number of 0.96, respectively. For the case of zero boattail angle, the predicted location of the shock wave on the cylinder is found to be in close agreement with the shadowgraph reported by Kayser and Whiton.
11 A strong flow expansion, occurring near the base corner and followed by a shear layer, is well predicted. Because of this fast expansion at the base corner, a -1.0 0.0 local supersonic region forms near the base corner. This supersonic region for M w = 0.96 was found to be larger than the one for the MOO = 0.91 and 0.94 cases. For the case of supersonic flows, there is no normal shock formed on the cylinder. For the case of 7 deg boattail angle, in addition to the normal shock near the cone-cylinder juncture, a stronger normal shock forms on the boattail. The predicted shock location agreed well with the shadowgraph result of Kayser and Whiton. 11 The extent of flow expansion near the base corner is reduced due to boattailing, resulting in a subsonic region at the base corner. It was found that the recirculatory zone behind the base for the projectile with /3 = 7 deg is smaller than that for the projectile with /3 = 0 deg. The reattachment length is about 1.3D distance from the base (at x = 6) for 0 = 0 deg and Q.6D distance for 0 = 7 deg.
The computed distributions of surface pressure coefficient C p (including the base part) on a projectile for M^ = 0.96 with 0 = 0 and 7 deg are shown in Figs. 4a and 4b , respectively. Good agreement between the predicted and measured pressure coefficients is obtained; slight discrepancies were observed near the projectile base for 0 = 7 deg that could be attributed to the interference of the sting used in the measurement. The value of C p behind the base (A: = 6) is the pressure coefficient along the symmetry axis, £ = £ max . The pressure coefficients for ft = 0 and 7 deg along the base are shown in the subplots in Figs. 4a and 4b , respectively. Note that the surface pressure attains a minimum at the base corner where the flow rapidly expands. The pressure along the symmetry axis is increased from the base, reaching a maximum at the reattachment point, and followed by a downstream recovery.
The individual drag component variation with Mach number for projectiles with 0 = 0 and 7 deg are obtained from the calculated solutions. Because of space limitation, only the results for the case /3 = 7 deg are shown. Figure 5 shows the pressure drag coefficient C DP for /3 = 7 deg increases with Mach number (< 1.1). The pressure drag, including the pressure drag on the boattail, predicted by the TVD scheme compares well with the experimental results of Kayser 12 and the predictions of the Beam-Warming scheme. 17 But the prediction by the MCDRAG design code 13 is about 10% lower. A larger value of C DP at transonic speeds is predicted by the TVD scheme due to the boattail effect. For ft = 0 deg, the C DP predicted by the present TVD scheme agrees well with those by the MCDRAG, 13 the NSWCAP, 15 and the Beam-Warming scheme.
17 At Moo =1.2 and 0 = 0 deg, the Beam-Warming scheme overpredicted the pressure drag. Figure 6 shows the variation of the viscous drag coefficient C DV with Mach number and its comparison for /3 = 7 deg. The C DV predicted by the TVD scheme is in close agreement with the MCDRAG and the Beam-Warming predictions in both cases at Mach numbers from 0.91 to 1.2, compared with lower values predicted by the NSWCAP code. It is seen that the viscous drag is gradually decreased with increasing Mach number. A trend similar to Fig. 6 was found for /3 = 0 deg. However, the viscous drag in the 13 = 1 deg case is about 5-6% smaller than those in the /3' = 0 deg case. ments a sting is mounted on the projectile base. Hence the sting may cause some disturbances on the base drag. For the case of (I = 7 deg, a substantial decrease in C DB , as shown in Fig. 7 , is obtained compared with the case of /3 = 0 deg. In the case of ft = 0 deg, the results of the computed base drag at all chosen Mach numbers compared well with the MCDRAG code. Note that negative values of C DB (or net thrust) were found in Kayser's results and in the case of the Beam-Warming scheme at Mach numbers between 0.91 and 0.98; the base drag also decreases with increasing Mach number in that speed range. Hsu et al. 18 commented that the negative base drag obtained by the Beam-Warming scheme is caused by an oscillating pressure distribution along the base.
It should be noted that for the cases of & -7 deg at Mo, = 0.91 and 0.96, the present prediction of the pressure coefficient (shown in Fig. 4b) for R < 0.17 are positive. However, in Kayser's experiment, the base pressure was measured at only one location at about R =0.167, and a positive pressure coefficient was obtained. The positive pressure coefficient, representing the pressure on the base, results in a negative base drag. If the overall base region, rather than only one location, is taken into account, a nonnegative base drag is obtained. The integration of the pressure along the base produces a correct result. In contrast, the one-point datum produced unreasonable results.
The total drag coefficient Qx) obtained from the individual components for /3 = 7 deg is presented in Fig. 8 . For 0.9 < Moo < 1.1, all predicted results indicate that the total The preceding comparisons provided verification of the present code's accuracy; results will next be presented for optimizing the boattail angle. It was found that the boattail drag coefficient and its change rate at Mach numbers between 0.91 and 0.98 increase with the boattail angle. Moreover, for larger boattail angles (/5>5 deg), the increasing rate in C DBT was found larger than the decreasing rate in C DB . Figure 9 shows the variation of the total drag coefficient with the boattail angle. Because of the fast increase in the boattail drag for larger boattail angles, an optimal boattail angle for the total drag reduction was found to be at about 5-7 deg for Mach numbers ranging from 0.91 to 1.2.
Although boattailing can substantially reduce the base drag, it induces an additional wave drag on the boattail; however, the net effect of boattailing is still positive. The reduction in the total drag can be up to 28, 21, and 8% for 0 = 7 deg at Moo = 0.91, 0.96, and 1.2, respectively.
Effect of Base Bleed
The bleed quantity 7 and the bleed area ratio co are two parameters in the base bleed method for base drag reduction.
The values of these two parameters and the combined effect of base bleed and boattailing were studied.
Five different bleed quantities (/ = 0.025, 0.05, 0.1, 0.15, and 0.2) and three bleed area ratios (co = 0.9, 0.6, and 0.3) were chosen. Computations were performed on a projectile without boattailing, and the bleed area ratio chosen ranges from 30 to 90% of the base. The bleed region is a circular region that is centered about the symmetric axis, and has an area that is 90% of the base area. Figure 10 shows the Mach number contours of an SOC projectile at Mach number of 0.96 with base bleed rate of 0.1. Compared with the results of / = 0 (see Fig. 3a ) it is found that the supersonic region near the base corner is reduced. The corresponding pressure distribution on the projectile surface was found to be the same as the case of / = 0. Namely, the pressure on the projectile surface is independent of the base bleed except at the base where the pressure is increased. Moreover, the peak of the pressure distribution along the symmetry axis, £ = £ max , is reduced after the base bleed. The computed head drag coefficient C DH and viscous drag coefficient C DV are found to be independent of the base bleed for Mach numbers from 0.9 to 1.2.
Effect of Bleed Quantity
The variation of the total drag coefficient with bleed quantity for different Mach numbers is shown in Fig. 11 . It can be seen that the total drag decreases with increasing bleed quantity. The total drag reduction is about 36, 34, and 32% for / = 0.2 and M w = 0.9, 0.96, and 1.2, respectively.
Effect of Bleed Area
The variation of the total drag coefficient for different bleed area ratios at M M = 0.96 is shown in Fig. 12 . It is seen that the total drag decreases with bleed area ratio and with increasing bleed quantity. For the case of co = 0.3 and / = 0.2, the reduction in total drag can be as high as 60% compared with the no base bleed case.
Combined Effect of Base Bleed and Boattailing
In studying the combined effect of base bleed and boattailing on the drag reduction, the projectiles with boattail angles of 3 and 5 deg and bleed area ratio of 0.6 at Mach number of 0.96 are chosen. The bleed quantity ranges from 0.025 to 0.2. It was found that the computed head drag C DH = 0.03 is independent of the boattail angle and the bleed quantity; the viscous drags, C DV = 0.056 for & = 3 deg, and C DV = 0.054 for j8 = 5 deg, are almost unchanged for different bleed quantities. The boattail drag is slightly decreased from 0.0274 to 0.0264 for 0 = 3 deg, and from 0.0578 to 0.0469 for 0 = 5 deg, as the bleed quantity is increased from 0.025 to 0.2. Figure 13 shows the variation of the total drag coefficient with bleed quantity for different boattail angles. The total drag is decreased with increasing boattail angle and bleed quantity. A similar result was found for the base drag. Note that for jS = 5 deg, a negative base drag (or thrust) can be obtained for bleed quantity / > 0.11. The total drag reduction is as high as 60% for 0 = 3 and 5 deg with co = 30%, and 50% for ft = 3 and 5 deg with co = 60%, as the bleed quantity is increased from 0 to 0.2. It should be noted that the drag estimate does not take into account the losses due to pumping out the bleed air. If this loss is taken into account, the effectiveness of base bleed on total drag reduction would be decreased.
Conclusion
Transonic flows over a secant-ogive-cylinder-boattail projectile at zero angle of attack have been successfully simulated by solving the axisymmetric thin-layer Navier-Stokes equations, using an implicit, symmetric TVD scheme. To reduce the total drag of a projectile, two methods, boattailing and base bleed, are applied. The effectiveness of each method and the combination of both methods is studied by varying the values of parameters such as boattail angle in boattailing and bleed quantity and bleed area in base bleed. The computed distributions of surface pressure coefficient on the projectile with different boattail angles at Mach numbers between 0.91 and 1.20 are found to be in close agreement with experimental data. All computed drag components and the total drag of the projectile showed reasonable comparisons with experimental data, semiempirical predictions, and existing numerical results. An optimal boattail angle for total drag reduction is found to be at about 5-7 deg for Mach numbers ranging from 0.91 to 1.2. In addition to boattailing, base bleed is also applied for base drag reduction. It was found that the base drag and the total drag are decreased with bleed area and with increasing bleed quantity. For a projectile at M m = 0.96 with bleed quantity of 0.2 and bleed area ratio of 0.3, the reduction in total drag can be as high as 60% for no boattailing, and 50% for 3 and 5 deg boattails with the same bleed quantity and bleed area ratio of 0.6.
